The A126 cell line, in contrast to its PC12 parent, does not differentiate, accumulate nuclear cAMP-dependent protein kinase A (PKA) catalytic subunit, or transcribe cAMP-dependent promoters in response to cAMP. Total PKA is reduced by 50% and is partly resistant to cAMPinduced dissociation in vivo. Unlike PC12, where PKAII is membrane-associated, PKAII is exclusively cytosolic in A126. Cotransfection with the RII anchor protein (AKAP75) and the PKA catalytic subunit (C-PKA) restored cAMP-induced transcription to levels found in PC12. These data indicate that membrane-bound PKAII amplifies cAMP signaling to the nucleus and suggest that cAMP-mediated responses are specified by the type and cellular localization of the PKA isoform.
The biologically relevant effects of cAMP are mediated by activation of the cAMP-dependent protein kinase A (1). PKA 1 is a tetramer composed of 2 regulatory and 2 catalytic subunits. cAMP binds the regulatory subunits, dissociating the holoenzyme and releasing free catalytic subunits (2, 3) . The active catalytic subunits (C-PKA) phosphorylate several cytoplasmic substrates. In addition, a fraction of the C-PKA translocates to the nucleus where it phosphorylates nuclear transacting factors that are responsible for the activation of cAMP-induced genes (4) .
PKA is found in two classes of PKA isoforms which differ in their regulatory subunits. PKAI is soluble and widely expressed, whereas the PKAII isoforms, PKAII␣ and PKAII␤, are membrane-anchored and are particularly abundant in neuroendocrine cells (5) (6) (7) .
The PC12 cell line undergoes terminal neuronal differentiation in response to cAMP. This cell line has been used extensively to study the transmission and amplification of cAMP signals in different cell compartments (8) . PC12 derivative cell lines have been established after mutagenesis and selection for survival in the presence of high concentrations of cAMP (9) . These lines do not differentiate in response to cAMP (9) . In one cell line, A126, the concentration of PKAII is significantly reduced. Although A126 does not transcribe cAMP-induced genes, it differentiates when stimulated with nerve growth factor, suggesting a specific defect in the cAMP transduction pathway (9 -11) . It has been reported that the expression of the PKAII regulatory subunit, RII␤, activates transcription of a cAMP-dependent promoter in these cells (12) .
Here we report that the inefficient transcription of cAMPinduced promoters in A126 is associated with a marked reduction in nuclear C-PKA. PKAII isoforms are present, but, in contrast to PC12, they are not found associated with membrane. We show that the simultaneous expression of the RII anchor protein (AKAP75) and C-PKA, but not of the PKAII regulatory subunit, RII␤, activates cAMP-induced promoters to levels comparable to those found in the parental PC12 line.
These data indicate that membrane-bound PKAII amplifies cAMP signaling to the nucleus and suggest that cAMP-mediated responses may be specified by the type and cellular localization of the PKA isoform.
EXPERIMENTAL PROCEDURES
Cell Lines-PC12 and A126 1B2 (9) cells were grown in RPMI medium containing 5% fetal calf serum, 10% horse serum, penicillin (100 units/ml), streptomycin (100 g/ml), and glutamine (2 mM).
Plasmids and DNA Transfections-The plasmids used in this study are as follows. 1) CRE-CAT, which carries the CRE element of the somatostatin promoter fused to the minimal thymidine kinase gene promoter and the CAT gene (13) ; 2) a plasmid encoding the human RII␤ cDNA (3.6-kilobase EcoRI fragment) under the control of the mouse metallothionein promoter (12); 3) C-PKA, which encodes the mouse catalytic subunit of PKA under the control of the mouse metallothionein promoter (14); 4) AKAP75, which contains the bovine brain RII␤ anchor protein under the control of the cytomegalovirus promoter (15); 5) RSV-lacZ, expressing the Escherichia coli lacZ gene under the control of long terminal repeats of Rous sarcoma virus (16, 17) . Under the conditions used (15% serum), the metallothionein promoter was efficiently transcribed. Transfections were performed by calcium phosphate as described (18) . Briefly, 10 7 cells/100-mm dish were transfected with a total amount of 21 g of DNA: 5 g of CRE-CAT, 5 g of RSV-lacZ, 1 g of C-PKA, 5 g of RII␤, 5 g of AKAP75, and salmon sperm DNA to 21 g. 44 h later, the cells were stimulated with 500 M 8-Br-cAMP or 40 M forskolin for 4 h. CAT activity was assayed as described (18, 19) . CAT assays were performed with amounts of extracts containing equivalent units of ␤-galactosidase (0.1, 0.2 unit/sample, 1 unit is the absorbance at 420 nm of extracts incubated with 1 mg/ml 2-nitrophenyl-␤-Dgalactopyranoside transferase at 37°C 1 h). Transfection experiments showing differences in lacZ expression more than 2-fold have been eliminated.
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ʈ To whom correspondence should be addressed. Fax: 39-81-746-3252. E-mail: Avvedim@cds.unina.it. 1 The abbreviations used are: PKAI, PKAII, cAMP-dependent protein kinase A isoforms I and II, respectively; 8-Br-cAMP, 8-bromo-cAMP; AKAP75 or A75, RII-binding protein; C-PKA, catalytic subunit of PKA; RII␣, RII␤, PKA regulatory subunits; PC12, cells derived from rat pheochromocytoma; A126 1B2, a PC12 derivative clone resistant to cAMP; CRE, cAMP-responsive DNA element; CAT, chloramphenicol acetyltransferase gene from E. coli; RSV, Rous sarcoma virus DNA; lacZ, E. coli ␤-galactosidase gene; PKI, a synthetic PKA specific inhibitor pseudosubstrate; ECL, enhanced chemiluminescence detection. 7.9, 0.3 M sucrose, 5 g/ml aprotinin, 10 g/ml leupeptin, 2 g/ml pepstatin, 0.1 mM phenylmethylsulfonyl fluoride, and 0.1% Triton X-100) by incubation for 5 min on ice. The cell lysate was layered on 1 volume of a sucrose cushion containing 1 M sucrose in AT buffer and centrifuged at 10,000 ϫ g for 5 min. The pellet contains purified nuclei, and the upper phase represents the total cytoplasmic fraction. The purity of the nuclear fraction was assessed by histochemical and immunofluorescence analyses.
Nuclear PKA assays (final volume 25 l) were performed at 30°C for 10 min in a solution containing 100 M ATP, [
32 P]ATP (Amersham) (125-150 cpm/pmol) at a final concentration of 10 Ci/100 l, 10 mM MgCl 2 , 20 mM Hepes (pH 7.4), 100 M Leu-Arg-Arg-Ala-Ser-Leu-Gly (Kemptide) (Sigma). In duplicate samples, 100 M PKI (a synthetic rabbit PKA-specific inhibitor pseudosubstrate, Sigma P0300) was included. Kemptide phosphorylation was monitored by spotting 20 l of the incubation mixture on phosphocellulose filters (Whatman, P81) and washing with 75 mM phosphoric acid, as described previously (20) . Radioactivity was determined by counting the filters in 4 ml of scintillation liquid (Ecolite, ICN). Free C-PKA activity was determined as PKI-inhibitable filter-bound radioactivity. Control assays indicated that 100 M PKI used did not inhibit the binding of phosphorylated Kemptide to phosphocellulose filters. Data were expressed as picomoles of [ 32 P]phosphate transferred to the peptide substrate during a 10-min incubation.
cAMP Assay-The same number of cells were plated and incubated overnight in the presence of serum. The cells were stimulated 40 min with 50 and 100 M forskolin. The medium was removed, and a 95% ethanol, 0.01 N HCl solution was added to the dishes for 15 h at 4°C. The solution was removed and neutralized (pH 7.00). The cells were scraped mechanically in 0.5 N NaOH, and the protein concentration was measured. The ethanol solution was lyophilized and resuspended in 0.3 ml of 0.05 M Tris-HCl (pH 7.5), 4 mM EDTA. cAMP measurements were carried out with the scintillation cAMP assay kit (Amersham) according to the manufacturer's instructions.
Fractionation of Cell Extracts-The cells were washed with phosphate-buffered saline and lysed mechanically (10 times through a tuberculin syringe) in buffer AT without Triton X-100. The total extract was centrifuged at 100,000 ϫ g for 30 min at 4°C. The supernatant represents the cytosolic fraction. The pellet was treated with AT buffer containing 1% Triton X-100 for 15 min at 4°C and centrifuged at 100,000 ϫ g for 30 min at 4°C. This supernatant represents the membrane fraction. The purity of the fraction was verified by microscopic analysis, by analyzing the partition of ␣-mannosidase (a gift of Dr K. Moreman, University of Georgia, Athens) by immunoblot and by measuring the activity of the 5Ј-nucleotidase.
Ligand Blotting Analysis or Overlay-The samples (50 g of protein) were subjected to electrophoresis in 10% SDS-PAGE. The proteins were transferred to nitrocellulose filters (0.45 mm Schleicher & Schuell) and probed with purified RII␣ or RII␤ that had been labeled with purified PKA catalytic subunit and processed as described (21) . The RII bands were identified by immunoblot with specific antibodies.
Immunoblot Analysis-Nuclear or total extracts were resolved by SDS-polyacrylamide gel electrophoresis and transferred to a nitrocellulose filter, rinsed in TBST (10 mM Tris-HCl, pH 8, 150 mM NaCl, 0.05% Tween 20), and incubated with 10% non-fat dry milk in TBST for 1 h.
Nuclear extracts were probed with chicken antibodies raised against purified C-PKA at a dilution of 1/100. Total or fractionated extracts were probed with anti-RII␣ and anti-RII␤ antibodies (1/200 dilution) in 5% non-fat dry milk in TBST for 1 h. After washing (3 times in TBST for 15 min), the nitrocellulose membranes were incubated with peroxidaseconjugated anti-chicken IgG (Sigma ImmunoChemical) or with antirabbit IgG (Amersham) in 5% non-fat dry milk in TBST for 1 h and developed by ECL (21) .
Antibodies-Anti-C-PKA polyclonal antibodies were prepared in our laboratory by immunizing chickens with purified bovine catalytic PKA subunit. The specificity of the antibodies was analyzed by immunoblot, immunoprecipitation, and immunofluorescence of total cell proteins (20) . The specific 39-kDa band was efficiently competed by purified PKA catalytic subunit. We have also used with identical results antibodies directed versus the first 21 amino acids of the catalytic subunit (21) .
Specific anti-RII␣ and anti-RII␤ antibodies were generated by immunizing rabbits with a synthetic RII␣ peptide 31-57 or with a synthetic RII␤ peptide 53-73 (from the AUG of the rat sequence), cross-FIG. 1. A126 cells fail to accumulate PKA catalytic subunit into the nucleus when stimulated with cAMP. PC12 and A126 cell lines were stimulated with increasing concentrations of forskolin for 40 min. Nuclei were purified as described under "Experimental Procedures," and the catalytic subunit was measured by enzymatic assay (upper panel) or by immunoblot with specific antibodies to the C subunit (lower panel). The upper panel shows PKA catalytic activity in isolated nuclei derived from PC12 and A126 as picomoles of 32 P incorporated/10 min/g of nuclear proteins in PC12 (q) and A126 (E) cells, respectively. Kemptide phosphotransferase activity shown is inhibitable by PKI (see "Experimental Procedures"). We have noted that approximately 10% (PC12) or 20% (A126) of Kemptide phosphotransferase activity was not inhibited by 50 and 100 M PKI. The lower panel shows an immunoblot of nuclear proteins from A126 and PC12 cells (50 g) probed with a specific anti-C-PKA antibody. The band visible in the blot was competed by C-PKA specific peptides (data not shown). ϩ or Ϫ indicates treatment with 50 M forskolin.
TABLE II Basal and induced cAMP levels in A126 and PC12 cells
The cells were stimulated 40 min with different concentrations of forskolin. cAMP was measured as described under "Experimental Procedures." Note that in the absence of the phosphodiesterase inhibitors the stimulation of cAMP levels by forskolin (FSK) was approximately 2-to 3-fold. 
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linked to soybean trypsin inhibitor. The specific bands detected by immunoblot and immunoprecipitation were competed by the purified RII␣ or RII␤ peptides and not by control peptides. We have also used anti-RII␤ antibodies raised against the native protein (7).
Chromatography of PKA Isoenzymes-Cells were washed in phosphate-buffered saline, collected, and lysed in AT buffer as described above. 300 g of cytosolic proteins were loaded on a DEAE-Sephacel column (Pharmacia Biotech Inc.). The column (300 l of beads packed in a 10-ml Bio-Rad column) was washed with buffer A (10 mM potassium phosphate buffer, pH 6.8, 1 mM EDTA, 25 mM NaCl, 15 mM ␤-mercaptoethanol, 0.1 mM 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane and phenylmethylsulfonyl fluoride, and the specific PKA isoforms were eluted stepwise with 3 ml of buffer A and NaCl at the concentrations indicated.
An aliquot of 15 l of each fraction was assayed for PKA activity as described. The active fractions were pooled and PKA-specific activity was measured.
RESULTS
The PC12 Derivative Cell Line A126 Fails to Accumulate Nuclear PKA and to Transcribe cAMP-dependent PromotersThe A126 cell line does not differentiate in response to cAMP (9) . Treatment of A126 cells with forskolin, which stimulates adenylyl cyclase, or with a poorly hydrolyzable analogue of cAMP (8-Br-cAMP) did not activate the cAMP-dependent somatostatin promoter (Table I) . Furthermore, the initial concentration of nuclear C-PKA and its accumulation in response to forskolin, measured by either enzymatic (Kemptide phosphotransferase activity inhibitable by the specific PKA inhibitor) or immunoblot assays, were significantly reduced in A126 compared to PC12 cells (Fig. 1, A and B) . Time course experiments following forskolin stimulation ruled out rapid nuclear exit of C-PKA as a cause of inefficient nuclear accumulation in A126 cells (data not shown). Moreover, the nuclear accumulation in PC12 cells was reversible upon removal of forskolin.
The data shown above suggest that the impaired transcription of cAMP-induced promoters is caused by reduction in nuclear C-PKA.
Dissociation of A126 PKA by cAMP Is Inefficient in Vivo but Not in Vitro-The failure of A126 cells to accumulate nuclear C-PKA might be caused by: 1) a reduced response of adenylyl cyclase to forskolin or 2) by inefficient dissociation of the tetrameric PKA holoenzymes in the cytoplasm. We measured cAMP in A126 before and after forskolin stimulation. Both basal and forskolin-stimulated cAMP concentrations were comparable to those in PC12 (Table II) . Next, we measured the dissociation of total cytoplasmic PKA after 5 ( Fig. 2A) or 40 min (Fig. 2B) of stimulation with different forskolin concentrations. PKA consistently dissociated more efficiently in PC12 than in A126 (75% versus 45%). At 50 M forskolin, PKA dissociation increased between 5 and 40 min in PC12, whereas, in A126, the holoenzyme dissociation was reduced over this time period. As a result, C-PKA (PKI-inhibitable activity, see the legend of Fig.   FIG. 2 . PKA holoenzyme dissociation in vivo and in vitro in PC12 and A126 cells. A and B, PC12 (q) and A126 (E) cells were stimulated with various concentrations of forskolin for 5 min (A) or 40 min (B). Cytoplasmic proteins were isolated and PKA activity was measured as described under "Experimental Procedures." Undissociated holoenzyme concentrations were calculated as the increase in phosphorylation activity when 0.1 mM cAMP was included in the reaction mixture. Basal PKA undissociated holoenzyme (no forskolin, 0%) was 66 Ϯ 0.5 and 25 Ϯ 0.1 pmol/10 min/g in PC12 and A126, respectively. Basal C-PKA activity was 11 Ϯ 1.2 and 7 Ϯ 0.8 pmol/10 min/g in PC12 and A126, respectively (see Fig. 2C ). Dissociation of the holoenzyme induced by forskolin resulted in the accumulation of free catalytic subunit in the cytoplasm of both cell lines (see C). C, C-PKA activity was measured in cytoplasmic extracts of PC12 (q) and A126 (E) cells stimulated with various concentrations of forskolin for 40 min. Kemptide phosphotransferase activity was inhibited by PKA (see the legend of Fig. 1) . D, dissociation of PC12 and A126 PKA in vitro. Total cytoplasmic proteins from PC12 (q) and A126 (E) were isolated, and PKA activity was assayed in the presence of various concentrations of cAMP. Undissociated PKA holoenzyme (0%) was the same as in A. PKA reactions were performed at various protein concentrations with identical results (2 to 10 g of proteins).
2) did not accumulate efficiently in the cytoplasm of A126 in response to increased cAMP levels (Fig. 2C) . The reduced levels of cytoplasmic C-PKA probably makes the major contribution to the inefficient accumulation of the subunit in the nucleus. Other factors, however, may also play a role.
To determine whether the inefficient dissociation of PKA in A126 was caused by alterations in the composition of the holoenzyme or by factors acting on PKA, we measured the dissociation of PKA in cell-free extracts of A126 and PC12 cells. Fig.  2D shows that PKA from the two cell lines responded identically to cAMP (approximately 50% dissociation at 0.1 M). This result indicates that the PKA regulatory and catalytic subunits in A126 are both functional. The sequences of the RII␣ and RII␤ cDNAs isolated from A126 and PC12 were, in fact, identical (data not shown). The RI cDNA sequences have not been determined.
We isolated PKAI and PKAII from total cytoplasmic proteins by DEAE-chromatography (see "Experimental Procedures" and Ref. 9 ). The activity of both PKAI and PKAII was reduced in A126 relative to PC12 (Fig. 3) . The cAMP-induced dissociation curves of purified PKAI and PKAII from A126 and PC12, like the crude enzymes (Fig. 2D) , were indistinguishable (data not shown).
These data suggested that A126 cells might contain an excess of regulatory subunits, which bind free C-PKA or cAMP and inhibit PKA activation. To test this possibility, we added cytosolic PC12 and A126 extracts to purified C-PKA and measured residual kinase activity after a 10-min incubation. Although both extracts reduced C-PKA activity in a dose-dependent fashion, the A126 extract was significantly more inhibitory (Fig. 4) . Kinase activity was restored by the addition of cAMP (data not shown). This argued against the possibility that C-PKA was degraded by the extracts and suggested instead that the content of regulatory subunits was elevated in A126.
A126 Cells Lack Membrane-bound PKA-We next determined the cellular localization of PKA in A126. Membrane and cytosolic extracts were prepared from A126 and PC12 and probed with labeled RII␣ and RII␤ using a ligand blotting assay (see "Experimental Procedures"). This analysis detects both the homologous RII subunits and RII-binding proteins. In PC12 cells, a significant fraction of the RII␣ and RII␤ is localized on the membranes ( Fig. 5; Ref. 9 ). In contrast, RII␣ and RII␤ are exclusively cytosolic in A126. RII subunits and PKAII are targeted to membranes by specific RII anchoring proteins (15, 22) . The bands indicated by the upper arrow in Fig. 5 are RII␤-binding proteins of 75-80 kDa and are presumably related to these anchoring proteins. The RII␤-binding proteins are both cytosolic and membrane-associated in PC12, but are found only in the cytosol of A126 (Fig. 5, compare lanes C and  M) . RII␣ probe detects in the Triton-soluble membrane fractions high molecular weight bands not included in the gel shown in Fig. 5 . Moreover, other RII␣-binding proteins (such as MAP2) are in the Triton-insoluble pellet (cytoskeleton), which is not included in the M fraction shown in Fig. 5 (15, 23, 24) . The species of RII␣-binding proteins detected in this fraction, however, were identical in PC12 and A126 cells (data not shown). We are currently cloning the 80-kDa band to determine whether or not it is a specific RII␤-binding protein.
By using the overlay technique illustrated in Fig. 5 , we cannot discriminate between RII and RII-binding proteins (25) . To identify precisely the RII subunits, we performed immuno- were applied on a DEAE-Sephacel column, and PKAI and PKAII were eluted by a discontinuous NaCl gradient. PKA activity was measured as described under "Experimental Procedures." Peak I (PKA I) was eluted at 100 mM NaCl and peak II (PKA II) at 200 mM NaCl. PKA activity is reported in units (U) and 1 unit represents 1 pmol of phosphate 5 cpm, Sigma P.2645) was added to isolated cytoplasmic extracts derived from PC12 and A126 cells (4 and 8 g of proteins, corresponding to 1ϫ and 2ϫ, respectively) and incubated 10 min at 30°C. The ordinate shows the residual C-PKA activity present in the extracts at the end of the incubation. 100% represents the input catalytic activity. The endogenous C-PKA activity present in the extracts was approximately 10% of the exogenous activity and was subtracted. C-PKA added to the extracts was incorporated in the inactive holoenzyme, since addition of 0.1 mM cAMP reconstituted the added units of catalytic activity (data not shown). PC12 extracts are shown in gray, and A126 extracts are shown in white. blot experiments in membrane and cytosolic fractions of PC12 and A126 cells with specific anti-RII␣ and anti-RII␤ antibodies. Fig. 6 compares the amounts of RII␣ and RII␤ in the membrane (M) and cytosolic (C) fractions of PC12 and A126. Quantitative analysis of the immunoblot shown in the figure indicates that although the total RII␣ content is similar in the two cells lines, the fraction of RII␣ associated with the membranes is significantly reduced in A126. The total content of RII␤, however, is significantly reduced in A126, with preferential loss of the membrane-associated fraction. The data presented above indicate that A126 cells contain less RII␤ relative to PC12 cells and that a significant fraction of both RII␣ and -␤ subunits is localized in the cytosol. We cannot determine at present whether the altered localization of the subunits is caused by the absence of specific anchor proteins or by post-transcriptional modifications of the RII proteins. Direct sequence analysis of both RII␣ and RII␤ A126 cDNAs did not reveal any nucleotide change.
Expression of C-PKA and of RII Anchor Protein (AKAP75) Induces CRE Transcription in A126 Cells-The absence of membrane-bound PKA in A126 may be the cause of the inhibition of nuclear C-PKA accumulation and of cAMP-induced transcription. To test whether the localization of PKA might influence the transmission of cAMP signals to the nuclei, we transiently transfected A126 with vectors expressing the genes for different PKA subunits and the PKAII membrane anchoring protein, AKAP75 (7, 15, 22) . AKAP75 has been shown to bind RII␤ and tether PKAII to the membrane (7, 15, 23) . cAMP-induced transcription was monitored by including in the transfection a plasmid construct containing the cAMP-responsive CRE element fused to a CAT reporter gene. A plasmid carrying a neutral promoter (long terminal repeat RSV) controlling lacZ was included to normalize for transfection efficiency (see "Experimental Procedures"). The cells were stimulated with 8-Br-cAMP for 4 h, and CRE promoter activity was determined by CAT assay.
cAMP strongly stimulated CRE-dependent CAT expression in PC12 but not in A126 (Fig. 7) . Transfection of A126 with the RII␤ (Fig. 7) , the RII␣, or the RI␣ (data not shown) expression vectors did not enhance CAT activity. A126 expressing AKAP75 (A75) anchor protein responded weakly to cAMP. Transfection with C-PKA (C), however, significantly stimulated CAT expression (Fig. 7) . The simultaneous expression of AKAP75 and C-PKA (A75ϩC) stimulated CAT activity to levels at least as high as those found in PC12 (Fig. 7) . RII␣, RII␤, or RI␣ coexpressed with C-PKA were unable to stimulate CRE-CAT expression further. Both C-PKA-and AKAP-stimulated CRE transcription was dependent on cAMP (data not shown).
These data suggest that the transmission of cAMP signals in A126 is altered because of three defects. We found: 1) a reduction of total PKA; 2) inhibition of the cAMP-induced dissociation of PKA holoenzyme; 3) cytosolic translocation of PKAII. Overexpression of C-PKA and AKAP75 corrected or bypassed these defects and restored the cAMP-induced transcription in A126 cells to levels comparable to the parental PC12.
DISCUSSION
The A126 derivative of the PC12 pheochromocytoma cell line does not undergo neuronal differentiation when stimulated with cAMP. A126 cells are defective in importing C-PKA to the nucleus and in transcribing cAMP-induced promoters. This inhibition is specific for cAMP signals, since other stimuli (nerve growth factor or active Ras) are able to induce complete neuronal differentiation of A126 cells (11, 26) .
The data presented here indicate that the transmission of cAMP signals in A126 cells is altered at three levels: (i) total PKA is reduced, both PKAII, the main isoform expressed by Table I ). PC12 transfected with A75 and C did not further increase CRE-CAT activity (data not shown).
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PC12 cells, and PKAI are affected (Fig. 3); (ii) the dissociation of PKA in response to cAMP in vivo is inefficient (Fig. 2A) ; (iii) PKAII is not localized on the membranes (Figs. 5 and 6 ). We suggest that the three phenotypes contribute to the downregulation of nuclear C-PKA and of cAMP-induced transcription.
The reduction of total PKA is caused by inefficient formation of the holoenzyme complex. Since the expression of exogenous C-PKA, but not of the R subunits, stimulates CRE transcription, it is possible that the catalytic subunit activity is defective in A126. The absence of C-PKA in unstimulated A126 implies that the synthesis of C-PKA might be decreased. This may explain the reduction of total PKA and the presence of free cytoplasmic R subunits. However, it is also possible that the overexpression of C-PKA bypasses the mutant function. DNA sequence analysis of C-PKA␣ from A126 did not reveal any mutation. Also the levels of mRNA were comparable in PC12 and A126. 2 The weak response of A126 PKA to cAMP is not caused by modifications of the R subunits, since direct sequence analysis and in vitro complementation of the extracts with purified C-PKA indicate that the regulatory subunits are able to bind cAMP and to release the catalytic subunit (Fig. 4) . Moreover, in vitro PKA from A126 is undistinguishable from the PC12 enzyme (Fig. 2D) . In A126 cells, a significant fraction of RII␣ and RII␤ is cytosolic, apparently because the RII anchor protein is not present or not functional (Fig. 5) . The RII subunits, accumulated in the cytosol, may bind C-PKA and may function as a sink for cAMP. This process would reduce the apparent dissociation efficiency of the holoenzyme. Titration with cAMP did not reveal significant differences in the dissociation kinetics of the PKAs of A126 and PC12 in vitro (Fig. 2D) . However, A126 extracts inhibited exogenous C-PKA more efficiently than extracts from PC12 (Fig. 4) . The discrepancy between the two assays might be explained by the lower sensitivity of the former.
The reduction of RII␤ in A126 was not the cause of inefficient CRE transcription, since overexpression of the protein did not stimulate the transcription of of the cAMP-induced promoter (Fig. 7) .
Overexpression of the RII anchor protein, AKAP75, modestly stimulated cAMP-induced transcription, presumably by tethering endogenous RII subunits and PKAII to cellular membranes. The stimulation of CRE-CAT transcription by AKAP75 suggests that membrane-associated PKA amplifies nuclear cAMP signaling. This is also confirmed by the finding that the simultaneous expression of AKAP75 and C-PKA further stimulated CRE transcription and completely reversed the block of cAMP-induced CAT expression in A126. AKAP75 and C-PKA did not enhance CRE transcription in PC12 cells, which contain membrane-bound PKA (data not shown). The effects of AKAP75 and C-PKA in A126 were additive rather than synergistic, implying that two different steps in cAMP signal transmission were affected by the two gene products. Both C-PKA and AKAP75 stimulation of CRE transcription were dependent on cAMP (data not shown). It is likely that AKAP effects were mediated by PKAII and C-PKA effects by both PKAI and PKAII isoforms, because AKAP75 associated preferentially with RII subunits (15, 23) , while C-PKA associated with both RI and RII. At present we cannot determine whether the effects of AKAP75-C-PKA on cAMP-dependent transcription were mediated by endogenous PKAII␣ or PKAII␤ or both. Although we did not detect binding of RII␣ to AKAP75 in the membranes of PC12 cells, overexpressed AKAP75 can bind RII␣ (15, 23) .
These data can be interpreted as follows. The formation of PKA is inhibited by alteration(s) of C-PKA, resulting in the reduction of total PKA. Furthermore, the residual PKA in A126 cannot be properly attached to the membranes because a putative RII-binding AKAP homologue is missing (Fig. 5) . In other systems, the expression of RII anchor proteins is cAMPdependent (28) . If in A126 cells the expression of the anchor protein(s) is also dependent on cAMP, the down-regulation of cAMP-induced transcription would block the synthesis of this RII-binding protein. This would further reduce cAMP-induced transcription in A126.
We cannot confirm a previous report indicating that CRE transcription can be activated in A126 by overexpression of RII subunits (12) . Neither RII␣ nor RII␤ alone stimulated CRE transcription under our conditions. Furthermore, DNA sequence analysis indicated that the RII subunits of A126 were identical to those of PC12.
Our recent experiments show that translocation of PKA to the cytosol by overexpressing a dominant negative AKAP mutant blunts the nuclear response to cAMP (29) . A126 cells, selected to survive in high cAMP concentrations, may have acquired cAMP resistance by down-regulating total PKA and by altering the localization of PKAII in the membranes.
